ABSTRACT This paper presents a full characterization of the communications channel inside a train vehicle, in both narrow and wideband configurations. The purpose of this characterization is to be one of the first steps to check the feasibility of a wireless implementation of a train-control management system, a service which has been always carried over a wired network. Many different train topologies and scenarios have been taken into account in this paper (continuous and non-continuous train; train inside a tunnel, open-air or depot) and different results have been obtained (path-loss, angle of arrival, power-delay profile, and delay spread). The results show significant differences between continuous and non-continuous trains, and also highlight the importance of having a proper channel model with one slope per train car, instead of having only one slope for the whole train.
I. INTRODUCTION
Rolling stock is a key element in the worldwide transportation systems. Now more than ever, trains need to fulfill many different requirements: capacity, speed, safety, comfort, security, added-value services to passengers, and a very large etcetera. To enforce the evolution of the railways of the future, the EU-funded Roll2Rail Project [1] has identified some bottlenecks that are slowing down this evolution regarding the rolling stock. One of them is the wired onboard communication networks. These networks carry the data for TCMS services, which can be safety-related or not; operational services like CCTV, passenger information, etc. or customer-oriented services such as access to the Internet, infotainment. . . Therefore, the target for this project is to partially replace the wired train communications network with a wireless one. We do not intend a fully replacement of wired for wireless links because some critical services must remain on a wired domain for safety reasons. Apart from the obvious security challenges, for this substitution there are many other issues and also the potential scenarios are also very numerous: high-speed trains, freight, metro, tramway etc.; or on the communications link: train-backbone, train-totrain, intra-consist, intra-car, etc. In this research work we will focus on one of them: the intra-consist link for metro trains.
Here we consider that a consist is a single vehicle (or group of vehicles) that are not separated during normal operation.
If we want to move from a wired train communications network to a wireless one, the first thing we need is a detailed channel model. This is the main objective of the measurement campaign carried out in two different metro trains and in three different environments with the aim to cover as much scenarios as possible. The types of trains were continuous, with no separation between cars within the same consist, and non-continuous, whereas the environments were open air, tunnels and stations. Therefore, we present a detailed channel model, both narrow and wideband, this is, path-loss and the angle of arrival (AoA) models; Power-Delay Profile (PDP) and RMS spread, for narrow and wideband, respectively.
In railways, the train-to-ground (T2G) link has attracted more attention from researchers than the other links. For example, [2] details the challenges that are still open for wireless communications in high-speed trains; [3] addresses the future railway communication systems from a high-level perspective, not from the physical layer point of view; [4] is a survey on wireless propagation inside tunnels. Therefore, regarding wireless communications inside train cars there are very few references, like [5] , [6] . However, this is not the case for the inside of aircrafts [7] , [8] or cars [9] . The structure of this paper is the following one: Section II describes all the measured scenarios and setups for narrowband and wideband measurements; the obtained channel models are presented in Section III and finally, Section IV ends the paper.
II. EXPERIMENTAL SETUP A. ENVIRONMENT
All the measurements were performed inside a Metro de Madrid's train consist, in two different scenarios. The first one is the s8000, a continuous train (with no separation between train cars) and the other one is the s5000 noncontinuous train, with a door at the end of each car. In Figure 1 both scenarios are depicted. Both of them are able to carry up to 200 people in rush hour. In the metro trains' passenger area there are many seats and handholds. The seats are resincoated reinforced with glass fiber and the handholds and the roof are made of stainless steel covered with a 500 micrometers thick yellow painting. The floor is made of synthetic rubber, the windows and the upper paart of the doors are made of laminated glass and the lower part of the doors is formed by aluminum plates. This layout and materials are very common in modern subway trains, with very small differences between them. Legacy trains, like the non-continuous train under test have more metallic parts, but the seats are more or less the same as in modern trains.
To ensure that the obtained results are suitable for all the subway environments, we took measurements in three different places: tunnels, stations and open-air tracks. Also, we intended to check the influence of the external environment in the intra-consist channel. The tunnels are from Line 11 of Metro de Madrid and they have a 7.5 meter diameter circular cross-section, this representing the typical outcome of a tunnel-boring machine. Stations within this line are pit-shaped, two-stories, with 100-meter long platforms.
Measurements in both narrowband and wideband were performed with the train in movement at a speed below 10 km/h, to get high resolution.
B. MEASUREMENT SETUP
We have two different setups for narrow and wideband measurements. Also, we measured the impact of the window's VOLUME 5, 2017 glass in the laboratory. In Fig. 2 a depiction of the three different measurement's architectures is shown.
The narrowband one was carried out using an USRP Ettus B210 software-defined radio [10] with special software to record 10 measurements per second. These measurements have been used for path-loss modelling.
The wideband channel characterizations have been made taking measurements with a wideband channel sounder [11] using impulse response sampling. It transmits a 12.5 ns narrow pulse, the receiver using a logarithmic amplifier to demodulate the signal and a digital oscilloscope to fetch the baseband signal. The sounder's output peak power is 42 dBm and we use a wideband monopole in the transmitter [12] and a wideband 6-element switched array in the receiver, where each antenna element has a directive pattern. In Fig. 3 both antennas are depicted. The array is able to automatically switch from one antenna to another in order to obtain the channel impulse response (CIR) in each direction. In both narrowband and wideband measurements the frequency is 2.6 GHz. In Table 1 the main parameters are shown. One important parameter for the intra-consist characterization is the influence of the windows of the train. For this reason we have measured the scattering parameter s 21 of one of the window's glass using a Keysight E5071A VNA. For this purpose we have employed two standard gain horn antennas (ETS-Lindgren 3160-03 and AH Systems SAS-581), both with a usable frequency range of 1.7-2.6 GHz. The SAS-581 antenna has been located at 0.3m from the surface of the glass, while the 3160-03 antenna has been placed at 1.7m from the glass on the opposite direction. The link between the antennas has first been calibrated with a free-space measurement, and afterwards the glass has been placed between them (see Fig. 4 ). The piece of glass that has been characterized is the one mounted between two cars in series s8000 trains (see highlighted in Fig. 1a ). This specific piece of glass has been selected due to its manageable size, while having the same properties as the rest of window pieces in the train. Based on these measurements, we have concluded that the impact of the train windows is not significant, because the measured s 21 at 2.6 GHz has been −2.9dB with a phase deviation of 91 • . 
C. LOCATION OF TRANSMITTER AND RECEIVERS
Both the transmitter and the receiver antennas were placed inside the train consist, at a height of 1 m over the train floor. The transmitter was fixed and we moved the receiver through the train to take the narrowband measurements. Wideband measurements were taken with the transmitter and the receiver on a fixed location (see Fig. 5 ) and separated 15 m with no people inside the train. Another set of measurements were also done with a group of 10 people moving randomly inside the train car. 
D. DATA PROCESSING
For the narrowband measurements, the small-scale fading has been characterized by removing the large-scale fading and checking the probability density function that fits better with the outcome. The large-scale fading has been obtained by averaging 40 samples of the data.
For the wideband characterization, we have determined the RMS spread and the mean delay, in order to obtain the PDP and an 8-tap model of the channel. Taps are separated 12.5 ns, because the bandwidth is 100 MHz.
III. CHANNEL MODELS A. PATH-LOSS AND INFLUENCE OF PEOPLE
In order to obtain the path-loss of the intra-consist link we moved the receiver along the consist taking narrowband measurements with the USRP platform. The proposed model for the losses is:
Where L x are the total losses in dB, d 0 the reference distance, L 0 the losses at the reference distance, n the pathloss exponent, d the distance, χ ij the attenuation caused by the separation between cars i and j inside the consist, κ i is a random variable to model the fast fading in the i-th car and γ is the attenuation due to the presence of people. In case VOLUME 5, 2017 there is not a physical separation -i.e. continuous trains-, this parameter will be equal to 0.
In Fig. 6 and 7 we depict the average received power and the path-loss model for the non-continuous and continuous trains, respectively. These measurements were carried out up to a distance of 35 m, which is the length of two train cars. In Table 2 a summary of the model parameters for both scenarios is shown. 
B. NON-CONTINUOUS TRAIN
The proposed models for the non-continuous train are: 
Where the fast fading component κ i follows a Rician distribution with κ 1 = 24.11 dB, κ 2 = 34.78 dB and κ 12 = 31.58 dB, for Car 1 only, Car 2 only and both cars 1 and 2. These results show a strong LOS component inside the train in both measured cars. It is even stronger in the second car because as we are further away from the transmitter, there is an even stronger LOS component and there are fewer multipath components because only a few modes are propagating because the others are heavily attenuated. If we consider both cars 1 and 2 together (κ 12 ) the result is an intermediate one between the individual results for both cars.
In (3) we have included the shielding effect of the door (χ 12 = 3.9 dB) at the end of the first car. In Figure 6 this shielding effect of the doors between cars (each one is 2.0 m × 0.9 m) can be clearly seen.
Looking at the path-loss exponents n i we see that there is a significant 'waveguide effect' (n<2) if we consider both cars together (n 12 = 1.77) and also in the first car alone (n 1 = 1.53). It is more significant in the first car than in the whole train, because the second car has a larger exponent (n 2 = 4.69), clearly over the free-space case (n=2). So, this train, more metallic and with smaller windows presents a higher waveguide effect, especially in the first car. In the second one, only few modes propagate, which leads to a different behavior, as we saw in our analysis of the fading. 
C. CONTINUOUS TRAIN
Regarding the continuous train, the one-slope and the two slope models are depicted in Fig. 7 . Like in Fig. 6 , we have drawn both the free-space and the Winner II A1 [13] models losses as a reference. The expressions for both obtained models are:
Where κ i follows a Rician distribution in two of the three cases considered with κ 2 = 14.62 dB (car 2 only), k 12 = 13.82 dB (cars 1 & 2), but the fading measured in car 1 fits better into a Rayleigh distribution (κ 1 = 29.08 dB). This last scenario could be also modelled as Rician (κ 1 = 0.57) but when this parameter is very close to 0 as it is now, it is assimilated into a Rayleigh distribution. This means that we have a stronger multipath in the first car (receiver and transmitter very close to each other) than in the second one (for the same reason as in the non-continuous train) and also in the first car of the continuous train we have more multipath than in the non-continuous one. The reason behind this behavior is that the continuous train has more 'furniture' onboard that scatter the signal more than in the non-continuous train, which has a simpler environment.
In (5) we have included the shielding effect of the door (χ 12 = 0.6 dB) at the end of the first car which has no door at the end of the cars. So, this effect is almost negligible in the continuous train for obvious reasons. The impact of people moving randomly inside the train and between the two antennas has also been experimentally studied, obtaining deep fadings up to 30 dB. All these results are summarized in Table 2 .
If we consider the path-loss exponents (n i ), we can see some interesting results. In the continuous train, taking both cars as a whole, we have n 12 = 3.16, greater that the freespace losses (n=2), but if we consider both cars separately, we see that the first car behaves as an almost free-space environment (n 1 = 1.97) and the second car has even a larger value (n 2 = 4.57). These results highlight the usefulness of the two-slope model, because we have a very different channel in both cars, not only in the macroscopic parameters (path-loss) but also in the small scale ones as we saw in the previous subsection. Also, in this continuous train there is no 'waveguide effect' (n<2) or it is almost negligible in the best case (n 1 = 1.97).
Another important parameter of the propagation model is the influence of people [14] . On our measuremetns there was significant fading, up to 30 dB deep with a group of 10 people moving randomly inside the train. It is also noteworthy that the influence of people moving inside the train is more remarkable in a NLOS scenario than in a LOS one.
D. POWER-DELAY PROFILE AND MEAN DELAY
There is also a need for wideband communications onboard the train, for many applications that are intensive in terms of throughput, like CCTV, infotainment, etc. To meet these requirements, we conducted some tests in order to determine the PDP, the channel time dispersion (measured by the RMS delay spread) and the mean delay. This approach is known as the tapped-delay line (TDL) model, which was introduced in a classic paper [15] and its applicability for indoor channels has been addressed many times in the past [16] , [17] .
If the channel meets the WSSUS (Wide-Sense Stationary Uncorrelated Scattering) [18] criteria, the PDP can be calculated by:
The mean delay is:
And the RMS delay spread (τ rms )
In Tables 3 and 4 we depict the PDP for both continuous and non-continuous trains, respectively. We provide an 8-tap model, with taps separated 12.5 ns. The non-continuous train PDP was only measured in the station environment, where there is the highest impact of the environment.
In Table 5 we have the RMS delay and the mean delay for both types of trains. Here we can notice that the spread is higher in the non-continuous train: 22.5 ns vs 18.4 ns, but this difference is not really significant. A possible explanation for this is that the intra-consist furniture is more influential in the wireless link than the environment outside of the train.
E. POWER ANGULAR DELAY PROFILE (PADP)
To determine the influence of the environment, we took measurements of AoA of the transmitted rays. The setup, described in section II.B, provides an angular resolution of 60 • . Figure 8 In our setup both the transmitter and the receiver were moving at the same time onboard the train, and therefore it is not possible to separate the reflections due to the train from those due to the environment. The first ones do not produce Doppler, while the second ones do. However, the plots show that most of the energy in the intra-consist link comes from the reflections inside the train, what implies that there is little influence of the environment and therefore the influence of the Doppler spectrum is also small.
Most of the power comes from the antenna facing towards the transmitter (θ = 180 • ) and multipath comes mainly from both sides, which means that we receive rays that come through the window reflected in the environment outside the train. These results are useful for the realization of simulations of this environment using ray tracing technique [19] , [20] .
IV. CONCLUSIONS
We have measured and modelled the intra-train channel in two different scenarios: a modern, continuous train, with no physical separation between cars, and a legacy, noncontinuous train, with metallic doors separating cars. There are also more differences: the furniture onboard the train in the continuous one is denser, which implies more scattering, and this train is also less metallic and has more fiberglass and other plastic materials than the older, non-continuous one.
All these differences in design lead to significant differences in the channel models. To highlight just the two most relevant ones, the non-continuous train fits better into a 'waveguide' model than the other one, and the first car of the continuous train exhibits a richer fading than the noncontinuous one.
Also, the impact of passengers in the received power has been addressed and up to 30 dB-deep fadings have been measured. This result is remarkable and highlights the fact that this kind of wireless solutions need to be tested with passengers onboard the train. On the other hand, using a twoslope model to separate car 1 and 2 leads to a better analysis of the channel, because there are relevant differences between car 1 and 2.
It must be observed that the path-loss models obtained in this work are a significant tool for future deployments of wireless communication systems inside train cars, as they allow defining the power balance of the wireless link (i.e. required transmission power, maximum distance between nodes, etc.). On the other hand, the wideband results allow performing temporal analyses, which are essential for selecting the optimal bit rate for a wireless communication link. Therefore, we can conclude that these models establish the baseline for the true objective of this work: the development of a wireless train network for the train control.
